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Abstract
Greenhouse gas emissions (GHGs) from swine production systems are relatively well researched with the
exception of emissions from land application of manure. GHGs inventories are needed for process-based
modeling and science-based regulations. Thus, the objective of this observational study was to measure GHG
fluxes from land application of swine manure on a typical corn field. Assessment of GHG emissions from deep
injected land-applied swine manure, fall and reapplication in the spring, on a typical US Midwestern corn-on-
corn farm was completed. Static chambers were used for flux measurement along with gas analysis on a GC-
FID-ECD. Measured gas concentrations were used to estimate GHGs flux using four different models: linear
regression, nonlinear regression, first order linear regression and the revised Hutchinson and Mosier (HMR)
model, respectively for comparisons. Cumulative flux estimates after manure application of 5.85 × 105 g•ha–1
(1 ha = 0.01 km2) of CO2, 6.60 × 101g•ha–1 of CH4, and 3.48 × 103 g•ha–1 N2O for the fall trial and 3.11 ×
106g•ha–1 of CO2, 2.95 × 103 g•ha–1 of CH4, and 1.47 × 104 g•ha–1 N2O after the spring reapplication
trial were observed. The N2O net cumulative flux represents 0.595% of nitrogen applied in swine manure for
the fall trial.
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HIGHLIGHTS 14 
• Fall/Spring GHG emissions from a corn field & swine manure application were measured. 15 
• Flux chamber method was used for farm-scale measurements. 16 
• Four flux estimation models were evaluated for GHG emissions. 17 
• GHG flux estimates that were not significantly (p < 0.05) different between models. 18 
• Spring reapplication of swine manure resulted in higher GHGs emissions. 19 
 20 
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process-based modeling and science-based regulations. Thus, the objective of this observational 27 
study was to measure GHG fluxes from land application of swine manure on a typical corn field. 28 
Assessment of GHG emissions from deep injected land-applied swine manure, fall and reapplication 29 
in the spring, on a typical US Midwestern corn-on-corn farm was completed. Static chambers were 30 
used for flux measurement along with gas analysis on a GC-FID-ECD. Measured gas concentrations 31 
were used to estimate GHGs flux using four different models: linear regression, nonlinear 32 
regression, first order linear regression and the revised Hutchinson and Mosier (HMR) model, 33 
respectively for comparisons. Cumulative flux estimates after manure application of 5.85 × 105 34 
g·ha−1 (1 ha = 0.01 km2) of CO2, 6.60 × 101 g·ha−1 of CH4, and 3.48 × 103 g·ha−1 N2O for the fall 35 
trial and 3.11 × 106 g·ha−1 of CO2, 2.95 × 103 g·ha−1 of CH4, and 1.47 × 104 g·ha−1 N2O after the 36 
spring reapplication trial were observed. The N2O net cumulative flux represents 0.595% of nitrogen 37 
applied in swine manure for the fall trial. 38 
 39 
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1  Introduction 48 
 49 
Livestock production results in many unwanted by-products such as odour [1], volatile organic 50 
compounds [2], particulate matter [3], ammonia and hydrogen sulphide [4] and greenhouse gas 51 
emissions (GHGs). Concerns regarding climate change and livestock production’s contribution to 52 
GHGs have resulted in the renewed attempt to reduce livestock production’s footprint with new and 53 
redesigned technologies in all aspects of the production system. One lesser-researched source of 54 
GHGs from livestock production is the land application of manure to cropland [5], i.e., a typical 55 
scenario in Iowa. Iowa is a top US state for both swine and corn production, producing 56 
approximately 30% of pigs and 20% of corn. 57 
Land applied manure is a valuable source of nutrients, nitrogen and carbon, which needs to be 58 
replenished on cropland. Cropland with these nutrients added by way of manure application can 59 
result in the increased production of carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) 60 
[6]. Application method and season of the application can also effect GHGs [7].Emissions from soil 61 
may be measured by several different methods including: vertical gradient [8,9], wind tunnels [10], 62 
or static chambers [6,7,10–20]. These methods have their advantages and disadvantages depending 63 
on the type of flux to be measured and the physical characteristics of the emitting area. 64 
Multiple regression models are used in the literature to calculate flux from static chambers; linear 65 
regression (LR) [7,11–15,17,18], Hutchinson and Mosier algorithm (HM) [11,13–17,20], stepwise 66 
regression (SR) [9], stepwise multiple linear regression (SMLR) [7], first order linear regression 67 
(FOLR), hyperbolic regression (HR) [11,14,17], Hutchinson and Mosier algorithm/linear regression 68 
using the “R” statistical program (HMR) [11,16,17,20], non-steady-state diffusive flux estimator 69 
(NDFE) [11,14,16,20], and chamber bias correction (CBC) [20]. Similarly to the different methods 70 
used to measure emissions the flux calculation models also have their strengths and weaknesses 71 
depending on the varying linearity and intensity of the emissions data that is collected [11]. 72 
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GHGs from swine production systems are generally well researched. These include emissions 73 
from barns and manure storage. However, data is needed for GHG emissions from typical swine – 74 
crop production systems in US Midwest. Specifically, data is needed for GHGs flux from soils after 75 
land application of manure. Thus, the objectives of this observational study was to 1) measure GHG 76 
fluxes from land application of swine manure on a typical corn field in Iowa and 2) compare several 77 
flux calculation models used on the same data sets to evaluate the differences in the model 78 
estimations under real-world ranges of management practices and environmental factors in the US 79 
Midwest. This study employed the static chambers method along with LR, FOLR, HR and HMR 80 
models to estimate GHG flux from a working corn-on-corn farm before and after injection 81 
application of swine manure in the fall and the reapplication of manure in the spring. Farm-based 82 
data collected in this research is relevant to a significant fraction of US swine production systems. 83 
 84 
 85 
2  Materials and methods 86 
 87 
2.1  Farm practices and data 88 
 89 
The study was conducted at the Iowa State University Ag 450 farm. The farm consists of a corn-on-90 
corn rotation and deep till conventional practices. The manure came from a swine farm which is a 91 
“grow-to-finish” operation. The manure is stored in a deep pit under the swine barn and is pumped 92 
out at least each fall. The corn planting dates for 2012 and 2013 were Apr 14 and May 16 93 
respectively. In the fall of 2012 the corn was harvested in October, then chisel ploughed on Oct 23 94 
and followed by manure application on Nov 8. In the spring of 2013, manure was re-applied on May 95 
14, then field cultivated on May 15 and followed by planting on May 16. 96 
 97 
2.2  Static chambers for GHG flux measurements 98 
 99 
Static chambers were constructed out of 5.30 × 10−1 m × 3.30 × 10−1 m stainless steel (Figs. 1 and 100 
S1) chafing dishes (Sam’s Club, Bentonville, AR, USA). Chafing dish lids were covered in 101 
reflective insulation (Lowes, Mooresville, NC, USA) and foam tape weather-stripping (Lowes, 102 
Mooresville, NC, USA) was run along the bottom edge of the lid to form a seal with the anchor once 103 
clamped together. The chafing dish itself had the bottom cut off leaving the top lip, to form a seal 104 
with the lid, and 6.35 cm tall sides that could be inserted into the ground serving as an anchor. 105 
 106 
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 107 
Fig. 1 Schematic of static chamber for greenhouse gas flux sampling 108 
 109 
Swagelok bulkhead fitting (Kansas City Valve and Fitting, Shawnee Mission, KS, USA) with 110 
T/Butyl septa (Fisher Scientific, Pittsburgh, PA, USA) seals were added to each lid to serve as 111 
sampling ports, along with tabs to provide easy clamping of the lids to the anchors with binder clips. 112 
The bulkhead fittings (sampling ports) were connected to Teflon 3.00 mm outer diameter (O.D.) 113 
tubing that was secured in a spiral around the top of the lids. The Teflon tubing was sealed at the 114 
end, and holes were drilled in the tubing at the corners of the lid in a progressively larger manner as 115 
it worked outward from the port to facilitate even sampling from each corner of the chamber lid. A 6 116 
mm O.D. stainless steel vent tube 1.27 × 101 cm long was installed horizontally in each lid with a 117 
Swagelok bulkhead fitting. The constructed static chambers have a 1.34 × 10−1 m2 surface area and a 118 
chamber volume of 6.98 L. 119 
Anchors were then pounded into the soil, until the lip was almost flush with the surface of the soil, 120 
with a hammer and a piece of plywood to distribute the force. Anchors were placed the day before 121 
sampling to allow the emissions to settle after disturbing the soil due to the insertion of the anchors. 122 
Anchors were left in place throughout the sampling study except when the manure was applied, corn 123 
was planted, or soil was tilled so that the anchors would not be damaged by the farm equipment. 124 
Anchors were replaced once field work in the sampling area was completed. 125 
 126 
2.3  Static chamber sampling location and duration - fall 2012 and manure 127 
reapplication in spring 2013 128 
 129 
Four static chambers were used and placed, one at each corner, on a single 4.9 m by 4.9 m square in 130 
a freshly chisel-ploughed corn-on-corn field at the Iowa State University Ag 450 farm on Oct 24, 131 
2012, representing a typical size of a corn field in Midwest. Samples were taken 42 times over the 132 
course of the trial which lasted until Dec 14, 2012. From Oct 24, 2012 until Nov 8, 2012, samples 133 
were collected to determine the baseline levels of CO2, CH4 and N2O (i.e., before manure 134 
application). Manure was applied on Nov 8, 2012. On that day, Nov 8, 2012, samples were taken 135 
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before and after the swine manure application. Subsequent gas sampling resembled the “baseline” 136 
emissions consisting of approximately 81% of total days between Oct 24, 2012 and Dec 14, 2012. 137 
Static chambers anchors were placed at the corners of a 4.9 m by 4.9 m square in a corn-on-corn 138 
field at the Iowa State University Ag 450 farm during the previous fall study and remained in place 139 
through the winter. Experiments resumed on Mar 1, 2013 once the snow had melted from the 140 
sampling site. Samples were taken 52 times over the course of the trial which lasted from Mar 1, 141 
2013 through June 28, 2013. From Mar 1, 2013 until May 14, 2013, samples were collected to 142 
determine the baseline levels of CO2, CH4 and N2O (i.e., before spring manure reapplication). 143 
Manure was applied on May 14, 2013. On that day, May 14, 2013, samples were taken before and 144 
after the swine manure application. Subsequent gas sampling resembled the “baseline” emissions 145 
schedule (Mon–Fri and some Sat), approximately 41% of total days between Mar 1, 2013 and June 146 
28, 2012. The field was tilled for planting on May 15, 2013 and corn was planted in the plot on May 147 
16, 2013. Control gas samples (using additional 2 static chambers) were collected from the same 148 
area of the field outside of the spring 2013 manure application from June 17, 2013 through June 28, 149 
2013. Diurnal effects on GHG emissions were also observed on June 13, 2013, by sampling at 6 150 
AM, noon, 6 PM and midnight. 151 
 152 
2.4  Swine manure application fall 2012 and reapplication in spring 2013 153 
 154 
Manure application was completed at 11:40 AM on Nov 8, 2012 at an application rate of 4.12 × 101 155 
m3·ha−1 (1 ha = 0.01 km2) (4.4 × 103 gal·ac−1, (1 gal = 3.785 liter; 1 ac = 0.004 km2)) at an injection 156 
depth of 1.5 × 10−1 to 2.0 × 10−1 m with 6.1 × 10−1 m spacing between injections using a 9.14 m 157 
implement and applied at an injection rate of 4.54 m3·min−1 (1.2 × 103 gal·min−1). 158 
Manure reapplication was completed at 1:00 PM on May 14, 2013, 2.53 × 101 m3·ha−1 (2.7 × 103 159 
gal·ac−1) at 1.5 × 10−1 to 2.0 × 10−1 m deep and 7.62 × 10−1 m spacing between injections with a 2.29 160 
m implement. 161 
 162 
2.5  Development of greenhouse gas sampling protocol 163 
 164 
It was determined that seven fill-purge cycles were needed to minimize GHG background 165 
interferences in sample vials preparation before gas sample collection using the vial cleaning system 166 
(Fig. S2). Tests also showed that the gas samples needed to be analyzed the day of collection due to 167 
the loss of N2O from the gas sample vials. The CO2 and CH4 gas in samples could be stored for at 168 
least two days before analysis. The typical time interval between gas sampling and analysis was 2 to 169 
12 h and always less than 1 day. 170 
 171 
2.6  Gas sampling with static chamber 172 
 173 
Gases from static chambers were sampled daily in the mornings. Vials (5.9 mL Exetainer, Labco 174 
Limited, Lampeter, UK) were freshly cleaned by purging with helium and evacuating the vials for 175 
seven cycles before field sampling. Chamber lids were clamped down and at time 0 min gas samples 176 
were collected immediately via syringe (10 mL BD Luer-Lok tip, Franklin Lakes, NJ, USA) and 177 
transferred to evacuated vials. The temperature of the ambient air, soil and inner chamber were also 178 
recorded. Gas samples were then collected at 15, 30 and 45 min. Temperature readings were also 179 
recorded at 15, 30 and 45 min. Soil moisture was also measured next to each chamber daily (so the 180 
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soil inside the chamber was not disturbed). Once GHG emission samples were collected they were 181 
transported to the laboratory for analysis using gas chromatography (GC). Chamber anchors 182 
remained open (not covered with the lids) and soil was subjected to the same environmental 183 
conditions as the rest of the field for the time between sampling. 184 
 185 
2.7  GHG analysis with GC-FID-ECD 186 
 187 
Gas samples collected in the field were analyzed for GHG concentrations on a GHG GC (SRI 188 
Instruments, Torrance, CA, USA) equipped with FID and ECD detectors. Gas method detection 189 
limits were 1.99 ppm (1 ppm = 4.09 × 10−2 molar mass (MM) mg·m−3 at standard conditions, 190 
101.325 kPa and 273K), 170 ppb (1 ppb = 4.09 × 10−5 MM mg·m−3 at standard conditions, 101.325 191 
kPa and 273K), and 20.7 ppb for CO2, CH4 and N2O, respectively. Standard curves were constructed 192 
daily using 2 ppm and 10.3 ppm CH4, 510 ppm, 1010 ppm and 2010 ppm CO2, and 0.101 ppm, 1.02 193 
ppm and 10.1 ppm N2O (Air Liquide America, Plumsteadville, PA, USA). Standards used for 194 
standard curve construction were done in duplicate for CH4 and CO2 while N2O standards were done 195 
in triplicate. The conversions to gas concentrations (ppm) for the samples were based on peak area 196 
for CH4 and CO2 and on peak height for N2O (peak height was a more consistent measure due to 197 
smaller peaks). 198 
 199 
2.8  Mathematical models for estimation of GHG flux 200 
 201 
Four flux estimation models were used throughout the trial, HMR, Hyperbolic Regression, Linear 202 
Regression, and First Order Linear Regression. Each static chamber gases concentration (µL 203 
gas·L−1) was plotted vs. the 0, 0.25, 0.5 and 0.75 h sampling time. Individual chamber data was used 204 
to estimate flux for each day. Then, the estimated fluxes from all 4 chambers were averaged and 205 
reported as a daily flux for each GHG and each model. Data analysis for fall 2012 yielded 206 
insignificant differences between flux estimates for HMR and Hyperbolic Regression models. Thus, 207 
the Hyperbolic Regression model was not used during the spring 2013 data analysis. 208 
Microsoft Excel linear regression was used to determine the flux of each gas by taking the slope of 209 
the linear regression line (µL gas·L−1·h−1) (Eq. (1)), multiplying it by the chamber volume (L), and 210 
dividing by the chamber surface area (m2) resulting in flux (µL gas·m−2·h−1) (Eq. (2)). 211 
bStC t +=)(
,                     (1) 212 
where: 213 
C(t) is concentration (µL gas·L−1), 214 
t is time (h), 215 
variables S and b are best-fit coefficients with S being the slope. 216 
A
SVJ =
,                     (2) 217 
where: 218 
J is the Flux (µL gas·m−2·h−1), 219 
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S is the slope of the Microsoft Excel linear regression equation (µL gas·L−1·h−1), 220 
V is the chamber volume (L), 221 
A is the chamber surface area (m2). 222 
 223 
For the first order linear regression model the same was done as above but only on the time 0 and 224 
0.25 h data points (Eq. (3)). 225 
A
V
tt
CC
J
tt
025.0
025.0
−
−
= ,                     (3) 226 
where: 227 
J is the Flux (µL gas·m−2·h−1), 228 
Ct0.25 is the target gas concentration (µL gas·L−1) at time 0.25 h, 229 
Ct0 is the target gas concentration (µL gas·L−1) at time 0 h, 230 
t is time (h), 231 
V is the chamber volume (L), 232 
A is the chamber surface area (m2). 233 
The HMR model calculations were completed using the HMR package in the R statistical software 234 
[16]. The HMR model uses nonlinear regression (Eq. (4)) or linear regression (Eq. (1)) to best fit the 235 
data resulting in the slope of the regression line at t0 (µL gas·L−1·h−1), the chamber volume and 236 
chamber surface area may also be plugged in to the program to output flux (µL gas·m−2·h−1), this 237 
was not done in this study, the calculations from µL gas·L−1·h−1 to µL gas·m−2·h−1 was done outside 238 
of R to minimize unit confusion (Eq. (2)). 239 
)e1()( ctt baC −+=
,                     (4) 240 
where: 241 
C(t) is concentration (µL gas·L−1), 242 
t is time (h), 243 
a, b and c are best fit coefficients. 244 
The hyperbolic regression model was completed using Sigma Plot software to best fit the data to a 245 
hyperbolic function (Eq. (5)). To do this the data was first shifted on the y-axis to force the data to 246 
start at the origin (0,0) by subtracting t0 concentration from the proceeding concentrations (0.25, 0.50 247 
and 0.75 h) (Eq. (6)). The resulting derivative at t0 (Eq. (7)) of the best fit hyperbolic function was 248 
the slope of the line at t0 (µL gas·L−1·h−1), which can be used as above to calculate µL gas·m−2·h−1 249 
using the known volume and surface area of the chambers used (Eq. (2)). 250 
tb
atC t
+
=)(
,                     (5) 251 
where: 252 
C(t) is concentration (µL gas·L−1), 253 
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t is time (h), 254 
a and b are best fit coefficients. 255 
0CCC t −= ,                     (6) 256 
where: 257 
Ct is concentration (µL gas·L−1) at times 0.25, 0.5 and 0.75 h. 258 
2b
abS =
,                     (7) 259 
where: 260 
S is the slope (µL gas·L−1·h−1) at t0, 261 
a and b are best fit coefficients of the hyperbolic regression. 262 
The flux (µL gas·m−2·h−1) may then be converted to µmol of gas·m−2·h−1 (Eq. (8)). 263 
RT
PJJ =1 ,                     (8) 264 
where: 265 
P is equal to the average atmospheric pressure in Iowa (0.965 atm, (1 atm = 101.325 kPa)), 266 
R is the gas constant 0.08206 L atm·K−1·mol−1, 267 
T is the observed chamber temperature in Kelvin. 268 
It may then be converted to mass using the MM of the gas that is being considered (Eq. (9)). 269 
MMJJ
 10×1 6
1
2 = ,                     (9) 270 
where: 271 
J1 is the Flux (µmol gas·m−2·h−1), 272 
J2 is the Flux (g gas·m−2·h−1). 273 
It then may be converted from m2 to hectares (Eq. (10)). 274 
 10×1 4
2
3
JJ =
,                     (10) 275 
where: 276 
J2 is the Flux (g gas·m−2·h−1), 277 
J3 is the Flux (g gas·ha−1·h−1). 278 
It then may be converted from hours to day (Eq. (11)). 279 
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24*34 JJ = ,                     (11) 280 
where: 281 
J3 is the Flux (g gas·ha−1·h−1), 282 
J4 is the Flux (g gas·ha−1·d−1). 283 
 284 
2.9  Swine manure analysis 285 
 286 
Swine manure analysis was completed using the following standard methods: 287 
 288 
1) Total Kjeldahl Nitrogen (TKN) – Standard Method 2001-11 [4], Kjeldahl digestion in block 289 
digester with Fisher digestion tablets as a catalyst followed by steam distillation and titrimetric 290 
analysis; 291 
2) Ammonia (NH3) – Standard Method 4500-NH4 B & C, Preliminary steam distillation followed by 292 
titrimetric analysis [5]; 293 
3) Dissolved reactive phosphorus – Standard Method 4500-P E [5], Filtration to 0.45 µm to remove 294 
particulates followed by the ascorbic acid method; 295 
4) Total phosphorus – Standard Method 4500-P B.4 & E [5], Sulfuric acid-nitric acid digestion in a 296 
block digester followed by the ascorbic acid method; 297 
5) pH –Standard method 4500-H + B, Electrode method [5]; 298 
6) Total solids/moisture content (TS) and volatile solids (VS) – Standard Method 2540 G [5], dried 299 
at 105℃ for 24 h (constant weight) for total solids followed by ignition at 550℃ for 1 h for volatile 300 
solids; 301 
7) Percent Carbon, Hydrogen, Nitrogen and Sulfur content- Elemental analysis results were acquired 302 
using a PE 2100 Series II combustion analyzer (Perkin Elmer Inc., Waltham, MA, USA) with a 303 
cysteine calibration standard, with an expected precision and accuracy of the measurements being +/ 304 
− 0.3% for each element, and the combustion and reduction temperatures were both 975℃. All 305 
standards and reagents are from Perkin Elmer and/or Elementar America’s Inc. 306 
 307 
2.10  Testing the effects of static chamber on environmental conditions 308 
 309 
The effects of the static chamber on environmental conditions (air temperature inside and outside of 310 
the chamber) were evaluated using the % difference model. Calculations that were completed to 311 
determine the % difference of environmental conditions of the ambient environment and the 312 
environment created by sampling systems using Eq. (12). Temperature % differences were 313 
calculated in Kelvin and wind velocity % differences were in m·s−1. 314 
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)
2
(
%
21
21
EE
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+
−
=
,                     (12) 315 
 316 
2.11  Statistical analysis and correlation 317 
 318 
The General Linear Model, PROC GLM procedure, and Cell Means Model, in SAS System (version 319 
9.3, SAS Institute, Inc., Cary, NC, USA) were used to determine the least significant difference 320 
(LSD) values at p < 0.05 for comparison of emission calculation models based on their daily means. 321 
Correlations between gas fluxes and environment variables were calculated in Microsoft Excel 322 
(version 2013, Microsoft Corporation, Redmond, WA, USA) using linear regression trendlines and 323 
R2 values generated from plots of variables to be correlated.  324 
 325 
 326 
3  Results and discussion 327 
 328 
3.1  Manure analysis 329 
 330 
Applied manure parameters were within the typical ranges for deep pit stored manure (Table 1). 331 
 332 
Table 1 Applied swine manure analysis for the fall 2012 and spring 2013 reapplication 333 
analysis fall average spring average 
TS/% 7.46 ± 1.70 × 10−1 2.17 ± 1.00 × 10−2 
VS/% 5.90 ± 1.90 × 10−1 1.09 ± 7.00 × 10−2 
volatility/% 7.91 × 101 ± 8.00 × 10−1 5.02 × 101 ± 1.00 
pH 8.01 ± 1.00 × 10−2 7.57 ± 1.00 × 10−2 
COD/(mg·L−1) 4.10 × 104 ± 7.38 × 102 3.44 × 104 ± 3.15 × 103 
NH3·NH4-N−1/(mg NH3-N·L−1) 6.62 × 103 ± 1.82 × 102 4.76 × 103 ± 1.70 × 101 
organic N/(mg N·L−1) 2.44 × 103 ± 3.24 × 102 1.71 × 103 ± 1.60 × 102 
TKN/(mg N·L−1) 9.07 × 103 ± 5.06 × 102 6.47 × 103 ± 1.77 × 102 
PO4-P/(mg PO4-P·L−1) 1.98 × 102 ± 2.00 1.03 × 102 ± 1.00 
total P/(mg P·L−1) 8.75 × 102 ± 7.10 × 101 2.51 × 102 ± 3.10 × 101 
      
TN/(lbs·1000 gal−1) 7.57 × 101 ± 4.20 5.40 × 101 ± 1.00 
P2O5/(lbs·1000 gal−1) 1.67 × 101 ± 1.40 4.80 ± 5.90 × 10−1 
      
carbon/% 3.64 × 101 ± 4.60 × 10−1 3.50 × 101 ± 1.18 
hydrogen/% 5.19 ± 2.00 × 10−2 4.87 ± 1.10 × 10−1 
nitrogen/% 4.15 ± 1.10 × 10−1 3.82 ± 2.20 × 10−1 
sulfur/% 1.78 ± 3.50 × 10−1 1.52 ± 2.90 × 10−1 
Notes: 1 lbs = 0.4536 kg 334 
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3.2  GHG flux estimation models 335 
 336 
The apparent gas concentration build up inside the chamber was typically observed during field 337 
sampling (Fig. 2(a)). The Hyperbolic (nonlinear) Regression (shown with a solid line in Fig. 2(a)) 338 
and HMR model (dotted line in Fig. 2(a)) result in a very similar trendline as the HMR model uses 339 
either linear or nonlinear regression based on best-fit criteria. Thus, Hyperbolic Regression model 340 
was not used for spring 2013 data analyses. The data has been shifted on the vertical (y) axis so that 341 
it passes through the origin (0, 0) in order to apply Hyperbolic Regression model. 342 
 343 
 344 
(a) 345 
 346 
(b) 347 
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Fig. 2 (a) Example of the four mathematical models used to estimate N2O flux using measured concentrations 348 
inside static chamber at time = 0, 0.25, 0.50, and 0.75 h on Dec 14, 2012. (b) Example of an apparent CH4 uptake by 349 
soil. The four mathematical models used to estimate CH4 flux using measured concentrations inside static chamber at 350 
time = 0, 0.25, 0.50, and 0.75 h on Nov 09, 2012 351 
 352 
Apparent uptake of GHGs (typically for CH4) was observed on selected days during the fall 2012 353 
field trials (Fig. 2(b)). The Linear Regression and HMR model result in the same trend-line as the 354 
HMR model uses either linear or nonlinear regression based on best-fit criteria. Apparent CH4 355 
uptake by the soil was observed throughout the experiment except for a consistent “spike” of CH4 356 
flux out of the soil in a few days after manure application in the fall 2012 trial (see Figs. 3 and S2). 357 
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Fig. 3 Fall flux for methane, carbon dioxide and nitrous oxide and measured air temperature inside chamber, soil 359 
moisture and precipitation 360 
 361 
Comparing the percentage of sampling days resulting in no significant difference between the 362 
mean daily flux estimates generated from each model (Table 2) resulted in more/less significant 363 
variations of flux estimates depending on measured gas and trial season. From the fall 2012 364 
comparisons it is evident that the emission build up in the chambers was more linear, due to lower 365 
measured GHGs fluxes, by the high percentage of non-significantly different days comparing HMR 366 
to linear regression, meaning the HMR model determined that linear regression was the best fit to 367 
apply thus resulting in the same flux value as the separate linear regression model calculations. The 368 
spring 2013 trial had higher GHG emissions resulting in more observed days with nonlinear gas 369 
concentration build up in the chambers. This, in turn, resulted in lower percentages of days that were 370 
not significantly different between linear and nonlinear estimation models of flux. 371 
 372 
Table 2 Comparison of mean daily GHG flux estimates based on all models for both fall 2012 and spring 2013 373 
manure reapplication 374 
model comparison gas flux fall 2012 spring 2013 average 
overalla) 
CH4 74 58 66 
CO2 43 53 48 
N2O 55 69 62 
HMR vs. HR 
CH4 93 NA NA 
CO2 57 NA NA 
N2O 81 NA NA 
HMR vs. LR 
CH4 100 69 85 
CO2 95 64 80 
N2O 98 71 85 
HMR vs. FOLR 
CH4 79 60 70 
CO2 86 62 74 
N2O 83 80 82 
HR vs. LR 
CH4 95 NA NA 
CO2 45 NA NA 
N2O 64 NA NA 
HR vs. FLOR 
CH4 86 NA NA 
CO2 55 NA NA 
N2O 69 NA NA 
LR vs. FLOR 
CH4 88 69 79 
CO2 83 78 81 
N2O 86 91 89 
Notes: Numbers in table signify the percent of the time when flux estimates were not significantly different between 375 
models for each sampling day. a) Based on differences between all GHG flux estimation models (4 in the fall 2012 376 
and 3 in the spring 2013). NA: not available. Average: is average percentage of fall 2012 and spring 2013 377 
 378 
The models used showed consistent trends in the mean total fluxes and cumulative total fluxes 379 
estimation. Nonlinear models (HR and to some extent, HMR) resulted in higher flux values, due to 380 
overestimation when applied to “linearly” trending data sets. Flux estimates calculated with linear 381 
models (LR and FOLR) that tend to underestimate flux when applied to nonlinear data sets (except 382 
for CH4 in the fall). The LR model consistently resulted in the lowest total flux estimates for all 383 
gases in the fall and the spring, followed by the FOLR, HMR, and HR models, respectively. The 384 
only exception was CH4 in the fall where the FOLR model resulted in the highest total flux 385 
estimates. This was likely due to the negative linear nature of CH4 uptake into the soil that was 386 
observed in the fall. Parkin et al. [11,17], Livingston et al. [14], Pedersen et al. [16] and Venterea et 387 
al. [20] described how different models perform depending on the varying linearity and magnitude 388 
of the emissions data that is collected. Of the models used in this study the HMR model, which uses 389 
both linear and nonlinear approaches and selects the best fit for the given data set or results in a “no 390 
flux” output, resulted in the most reasonable estimations of total flux. 391 
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 393 
3.3  Diurnal effects on GHGs flux 394 
 395 
Testing the diurnal effects on measured GHG flux and environmental parameters revealed an 396 
elevation of GHG flux from noon to 6 PM that was also consistent with the ambient and soil 397 
temperatures. Lower flux was observed early morning (6 AM) and at midnight. This apparent 398 
fluctuation did not have a significant effect on the measurements of gas concentrations and 399 
environmental parameters. The midmorning measurements (when measurements were conducted in 400 
both seasons) and flux estimates were consistent with the averaged flux for the four measurements 401 
within the 24 h period (Fig. S3). 402 
The observed diurnal effects on GHGs flux were consistent with the literature for GHGs [11,23] 403 
and ammonia fluxes [8]. Parkin et al. [11] recommended sampling at midmorning or early evening 404 
which are the times of the day when fluxes correspond to the average diurnal fluxes, while 405 
Hernandez-Ramirez et al. [7] and Jacinthe et al. [24] selected to sample at midday when biological 406 
activity and fluxes are expected to be highest. 407 
 408 
3.4  Estimations of fall GHG flux 409 
 410 
It was observed that soon after the manure application the ambient temperatures were dropping 411 
(Days ~20 to 22). This cold snap was followed by a warm up resulting in an apparent significant 412 
increase in CO2 and N2O flux with the warm up suggesting that gas was building up in the frozen 413 
soil and was then released quickly when the ground unfroze. Methane flux was limited to the few 414 
days following manure application. There was apparent CH4 flux uptake during the cold snap and no 415 
apparent build up and release of CH4 in the warm period that followed. The only other apparent 416 
significant increase in CH4 flux occurred around Day 40 that is associated with the last very warm 417 
period in the Fall of 2012 (Figs. 3 and S4). 418 
Daily GHG flux estimates based on all four models were analyzed for statistical significance. 419 
Comparisons of four different models for each gas and each day of the measurement in fall 2012 420 
were made. In general, the use of four mathematical models resulted in flux estimates that were not 421 
significantly (p < 0.05) different. Based on this, a decision was made to average flux estimates for all 422 
four models and report the mean. 423 
The fall mean daily and cumulative flux before and after manure application and total flux are 424 
presented in Table 3. The N2O net (defined as the difference between “after” manure application and 425 
the “before” manure application) cumulative flux represents 0.595% of nitrogen applied in swine 426 
manure. 427 
 428 
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Table 3 Mean daily and cumulative target gas fluxes (+/ − st. dev.) estimated using multiple regression models 429 
time target gas calculation model 
mean 
flux before 
/(g·ha−1·d−1) 
mean 
flux after 
/(g·ha−1·d−1) 
mean 
total flux 
/(g·ha−1·d−1) 
cumulative 
flux before 
/(g·ha−1) 
cumulative 
flux after 
/(g·ha−1) 
cum  
to   
/(  
     
fall: from 
Oct 24, 
2012 
through 
Dec 14, 
2012 
methane hyperbolic regression 1.60 × 10−1 6.60 × 10−1 4.11 × 10−1 2.59 2.44 × 101 2.7    
 HMR 4.40 × 10−1 8.60 × 10−1 6.50 × 10−1 6.98 3.20 × 101 3.9    
 linear regression 2.50 × 10−1 −2.00 × 10−2 1.14 × 10−1 3.94 −7.10 × 10−1  
 1st order linear regression 2.90 × 10−1 5.63 2.96 4.70 2.08 × 102 2.1    
 average 2.80 × 10−1 ± 1.10 × 10−1 1.78 ± 2.59 1.03 ± 1.30 4.55 ± 1.84 6.60 × 101 ± 9.59 × 101 7.05 × 10      
carbon hyperbolic regression 5.04 × 103 3.61 × 104 2.06 × 104 8.06 × 104 1.34 × 106 1.4    
dioxide HMR 1.87 × 103 1.33 × 104 7.58 × 103 3.00 × 104 4.92 × 105 5.2    
 linear regression 7.43 × 102 3.43 × 103 2.09 × 103 1.19 × 104 1.27 × 105 1.3    
 1st order linear regression 2.18 × 103 1.05 × 104 6.33 × 103 3.48 × 104 3.88 × 105 4.2    
 average 2.46 × 103 ± 1.83 × 103 1.58 × 104 ± 1.41 × 104 9.14 × 103 ± 7.97 × 103 3.93 × 104 ± 2.92 × 104 5.85 × 105 ± 5.23 × 105 6.25 × 10      
nitrous hyperbolic regression −9.10 × 10−1 2.10 × 102 1.05 × 102 −1.46 × 101 7.77 × 103 7.7    
oxide HMR −7.50 × 10−1 7.31 × 101 3.62 × 101 −1.21 × 101 2.71 × 103 2.6    
 linear regression −3.80 × 10−1 2.31 × 101 1.14 × 101 −6.10 8.54 × 102 8.4    
 1st order linear regression 1.61 7.04 × 101 3.60 × 101 2.57 × 101 2.61 × 103 2.6    
 average -1.10 × 10−1 ± 1.17 9.42 × 101 ± 8.06 × 101 4.70 × 101 ± 4.01 × 101 -1.76 ± 1.87 × 101 3.48 × 103 ± 2.98 × 103 3.48 × 10      
         
     
spring: 
from Mar 
1, 2013 
through 
June 28, 
2013 
methane HMR 1.56 × 101 7.90 × 101 4.73 × 101 7.02 × 102 3.55 × 103 4.2    
 linear regression 1.43 × 101 5.36 × 101 3.40 × 101 6.43 × 102 2.41 × 103 3.0    
 1st order linear regression 1.47 × 101 6.41 × 101 3.94 × 101 6.61 × 102 2.88 × 103 3.5    
 average 1.49 × 101 ± 6.70 × 10−1 6.56 × 101 ± 1.28 × 101 4.02 × 101 ± 6.70 6.69 × 102 ± 3.00 × 101 2.95 × 103 ± 5.74 × 102 3.62 × 10      
carbon HMR 4.83 × 104 8.81 × 104 6.82 × 104 2.17 × 106 3.96 × 106 6.1    
dioxide linear regression 4.02 × 104 5.18 × 104 4.60 × 104 1.81 × 106 2.33 × 106 4.1    
 1st order linear regression 4.66 × 104 6.74 × 104 5.70 × 104 2.10 × 106 3.03 × 106 5.1    
 average 4.50 × 104 ± 4.30 × 103 6.91 × 104 ± 1.82 × 104 5.70 × 104 ± 1.11 × 104 2.03 × 106 ± 1.93 × 105 3.11 × 106 ± 8.20 × 105 5.13 × 10      
nitrous HMR 1.05 4.61 × 102 2.31 × 102 4.72 × 101 2.08 × 104 2.0    
oxide linear regression 9.90 × 10−1 2.27 × 102 1.14 × 102 4.45 × 101 1.02 × 104 1.0    
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  1st order linear regression 1.20 2.94 × 102 1.48 × 102 5.40 × 101 1.32 × 104 1.3    
  average 1.08 ± 1.10 × 10−1 3.27 × 102 ± 1.21 × 102 1.64 × 102 ± 6.03 × 101 4.85 × 101 ± 4.92 1.47 × 104 ± 5.43 × 103 1.48 × 10      
Notes: The “mean flux before”, “mean flux after”, and “mean total flux” were estimated as a mean of mean daily fluxes. Fluxes for days when measurements were not conducted (e.g., 430 
Sundays and Holidays) were interpolated between flux estimates for the day immediately before and after (e.g., mean of prior Saturday and following Monday to interpolate the Sunday). 431 
The “mean total flux” is estimated as the average between “mean flux after manure application” and the “mean flux before manure application”. The “cumulative flux before”, 432 
“cumulative flux after” and “cumulative total flux” were estimated as a sum of mean daily fluxes. The “cumulative flux before” is based on the sum of mean daily flux for the entire 433 
measurement period before manure application (fall: 16 days, spring: 44 days). The “cumulative flux after” is based on the sum of mean daily flux for the entire measurement period after 434 
manure application (fall: 37 days, spring: 45 days). The “cumulative total flux” is based on the sum of mean daily flux for the entire measurement period before and after manure 435 
application 436 
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 437 
Strongest correlations (R2 = 0.57–0.75) were found between estimated GHG fluxes (specifically 438 
between CO2 and CH4 fluxes) and also between estimated CO2 flux and environmental parameters, 439 
soil and chamber temperature. The air temperature or the moisture did not have a strong correlation 440 
with the fluxes that were observed during the pre-application sampling (baseline). 441 
 442 
3.5  Estimations of GHG flux after spring manure reapplication 443 
 444 
Daily estimations of flux are presented in series of figures summarizing daily flux for each gas and 445 
each method and daily average flux based on all three mathematical models (Figs. 3, 4 and S5). The 446 
Hyperbolic Regression model was not used because it was determined to be statistically similar to 447 
the HMR model. GHGs concentrations were measured from Day 1 (Mar 1, 2013) through June 28, 448 
2013 (Day 89). 449 
 450 
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Fig. 4 Spring manure reapplication: observed flux for methane, carbon dioxide and nitrous oxide and measured air 452 
temperature inside chamber, soil moisture and precipitation 453 
 454 
The spring reapplication mean daily and cumulative flux before and after manure application and 455 
total flux are presented in Table 3. Spring 2013 reapplication GHGs measurements were associated 456 
with much greater correlations between CO2 and soil and air temperatures. Overall, a greater number 457 
of significant correlations between estimated CO2 flux and temperature was observed in spring 2013 458 
reapplication compared with fall 2012 due to the overall rise of temperature during the spring (Figs. 459 
3 and 4). Methane and N2O emissions also showed some correlations with temperature and CO2 460 
emissions. There were weak correlations between CH4 and soil moisture. 461 
 462 
3.6  Nitrogen loss of manure as nitrous oxide 463 
 464 
Total nitrogen applied to the field was estimated based on the 4.12 × 101 m3·ha−1 (4.4 × 103 gal·ac−1) 465 
application rate for fall 2012 and 2.53 × 101 m3·ha−1 (2.7 × 103 gal·ac−1) application rate for spring 466 
2013 reapplication, TKN content in the manure. Percent nitrogen loss was estimated as a ratio of the 467 
cumulative net (“after” manure application less the “before” manure application) N2O flux (Table 3) 468 
to the total nitrogen applied. The fall application resulted in a 0.595% loss of total nitrogen as N2O 469 
(based solely on the duration of measurement period), while the spring reapplication scenario loss of 470 
total nitrogen as N2O could not be estimated due to: 1) confounding nitrogen that was added in the 471 
fall 2012 and 2) potential losses during the winter when emissions were not measured due to snow 472 
cover. Long-term monitoring (e.g., attempting to estimate N2O emissions on yearly bases) could be 473 
considered. However, it would be challenging to perform it with chamber technology and growing 474 
corn. Measurements involving vertical gradient approach might be more suitable. 475 
 476 
3.7  Measured GHG flux compared to literature 477 
 478 
The Hernandez-Ramirez et al. [7] study of corn-on-corn, corn-soybean rotation and restored prairie 479 
grass at a university field station in Indiana also showed significantly higher cumulative N2O fluxes 480 
from spring-applied manure compared to fall manure application similar to what was observed in 481 
this study (Table 4). This increase coincides with increasing soil temperatures and increased rain fall 482 
in the spring compared to the fall. 483 
 484 
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Table 4 Comparison of GHG emissions from land-applied swine manure with literature 485 
  site soil characteristics manure characteristics application sampling analysis greenhouse gas total flu       
references geographic location crop 
mean air 
temperature/
℃ 
mean annual 
precipitation/
mm 
plot type soil type soil pH moisture/% 
manure 
type 
storage 
type 
manure 
pH 
application 
date application method 
rate of 
application/ 
(kg N·ha-1) 
sampling 
period 
days after 
manure 
sampling 
method 
analysis 
method 
flux 
estimation 
model 
N2O/           
(kg N2O·ha-1) 
CO2/                
(kg CO2·ha-1) 
CH4/            
(kg CH4·  
 
 
 
 
                
  
                
  
                
  
Jarecki et al. 2008 
[13] Iowa no vegetation 16.5 
controlled 
experiment 
controlled 
environment 
sandy 
loam 6.9 
4.00 × 101 to 
5.60 × 101 a) 
swine storage tank N/A fall
c) injection               (5 cm deep) 2.00 × 10
2 56 SC GC LR and HM 
8.53 1.78 1.6           
clay 7 3.70 × 10
1 to 
5.00 × 101 a) 5.77 1.4 2.82 × 1            
Sharpe and Harper, 
2002 [9] 
North 
Carolina soybean 22 1.36 × 10
3 working farm 
sandy 
loam 6.3 
5.00 to    
2.30 × 101 swine 
anaerobic 
lagoon 8 summer irrigation system 2.75 × 10
2 14 FGGT TDLS SR 6.44 N/A N/A       
Hernandez-Ramirez 
et al. 2009 [7] 
West 
Lafayette, 
Indiana 
continuous 
corn 12 9.50 × 10
2 experimental plot 
silty 
clay 
loam 
and silt 
loam 
N/A N/A swine N/A N/A 
spring 
injection             
(10 cm deep) 2.55 × 10
2 549 SC GC SMLR 
1.28 × 101 d) 1.65 × 104 d) 4.40 × 10                
fall 5.17 × 100 d) 1.63 × 104 d) 2.10 × 10                
Lovanh et al. 2010 
[15] Kentucky 
corn/soybean 
rotation 22 N/A 
experimental 
plot 
silt 
loam N/A N/A swine lagoon N/A spring 
injectione) 
2.00 × 102 3 SC INNOVA LR and HM 
5.76 × 10-1 f) -4.97 × 101 f) 3.70 f            
surfacee) 7.45 × 10-1 f) 1.45 × 103 f) 7.31f)           
aerwaye) 5.40 × 10-1 f) 1.85 × 102 f) 5.46 f            
Bender and Wood, 
2007 [6] 
Auburn, 
Alabama bermudagrass N/A N/A soil cores 
clay 
N/A N/A swine anaerobic lagoon N/A 
summer, 
spring surface application 1.12 × 10
2 293g) SC GC N/A 
1.49 g) 9.80 × 103 g) 1.35 × 1                   
loamy 
sand 4.64
 g) 9.80 × 103 g) 1.88 × 1                 
sandy 
loam 2.21
 g) -2.70 × 103 g) 2.96 × 1               
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This 
Study 
fall 
 
 
spring 
reapplication 
central 
Iowa corn 
-5.0 to 16.8 
8.81 × 102 working farm 
webster, 
clay 
loam 
N/A 
4.03 to    
3.07 × 101 
swine deep pit 
8.01 fall 
injection           
(15–20 cm deep) 
3.73 × 102 37 
SC GC LR, FOLR, HMR, HR 
3.48 d) 5.85 × 102 d) 6.60 × 10                   
-0.4 to 31.4 1.96 × 10
1 to 
4.31 × 101 7.57 spring 1.64 × 10
2 45 1.47 × 101 d) 3.11 × 103 d) 2.95  d               
Notes: fluxes reported in the literature were converted to consistent units for comparison. a) Average of two trials. b) Controlled environment chamber simulating average September 486 
conditions in Iowa. c) WFPS: water-filled pore space. d) Fluxes reported as gross flux. e) Lovanh et al. Injection = 15 cm deep, Aerway = 20 cm deep, 7.5 cm long, 1.5 cm wide aeration 487 
holes filled with manure. f) Percentage of added N lost as N2O emission. f) Cumulative data was not reported, values were extrapolated. Total fluxes are net difference between emissions 488 
measured and control/baseline measurements unless otherwise noted. N/A: Data not explicitly reported, SC: Static Chambers, GC: Gas Chromatography, TDLS: Tunable Diode Laser 489 
Spectroscopy, FGGT: Flux Gradient Gas Transport, LR: Linear Regression, HM: Algorithm of Hutchinson and Mosier [25] SR: Stepwise Regression, SMLR: Stepwise Multiple Linear 490 
Regression, FOLR: First Order Linear Regression, HR: Hyperbolic Regression, HMR: HMR Regression Model using the “R” Statistical Program 491 
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 492 
Jarecki et al. [13] in their “bucket” scale study conducted with two different soil types observed 493 
that the main spike in emissions occurred right after manure application and then emissions declined 494 
over time. Similarly, this study observed a spike in emissions after manure application in the fall 495 
2012 trial followed by a decline until there was a rise in temperature resulting in a rise in emissions 496 
(Fig. 3). It was observed during the spring reapplication trial that there was a spike in emissions right 497 
after manure reapplication that declined briefly but then steadily increased over time as the soil 498 
temperature began to rise with the changing of the seasons (Fig. 4). Nitrous oxide emission spikes 499 
were observed by Sharp and Harper [9] after each of the three times manure was applied by a 500 
sprinkler system during one summer growing season. The same was observed by Bender and Wood 501 
[6] for N2O, CO2 and CH4 after each surface manure application. 502 
The temperature and rain events can influence GHG emissions, higher temperatures drive higher 503 
GHG emissions [7] and rain events drive higher CO2 [7] and N2O [7,9] emissions. These effects of 504 
temperature and rain events were also observed in this study. During the fall 2012 trial and spring 505 
2013 reapplication trial spikes in CO2 and N2O were observed after rain events (Figs. 3 and 4). 506 
Temperature increases during the fall 2012 trial corresponded with increases in emissions of all 507 
GHGs. The temperature increase during the spring 2013 reapplication trial as the seasons changed 508 
and the soil thawed resulted in a steady increase in GHG emissions. 509 
 510 
 511 
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 513 
4  Conclusions 514 
 515 
Assessment of greenhouse gas (GHG) emissions from deep injected land-applied swine manure, fall 516 
and spring reapplication, on typical Midwestern working corn-on-corn farm was completed. Static 517 
flux chamber based emissions collection was used along with gas analysis with GC-FID-ECD. 518 
Measured gas concentrations were used to estimate GHGs flux using four different models: linear 519 
regression, nonlinear regression, first order linear regression and the revised Hutchinson and Mosier 520 
(HMR) model using the R software. Each model has pros and cons that may vary due to specific 521 
situations in observational data sets and should be used judiciously when reporting GHGs fluxes. In 522 
general, in this study, the use of four mathematical models resulted in flux estimates that were not 523 
significantly (p < 0.05) different. Based on this, a decision was made to average flux estimates for all 524 
four models and report the mean. Cumulative flux estimates after manure application of 5.85 × 105 525 
g·ha−1 of CO2, 6.60 × 101 g·ha−1 of CH4, and 3.48 × 103 g·ha−1 N2O for the fall trial and 3.11 × 106 526 
g·ha−1 of CO2, 2.95 × 103 g·ha−1 of CH4, and 1.47 × 104 g·ha−1 N2O after the spring reapplication 527 
trial were observed. The N2O net (“after” manure application less the “before” manure application) 528 
cumulative flux represents 0.595% of nitrogen applied in swine manure for the fall trial. 529 
 530 
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 618 
(d) 619 
Fig. S1  (a) static flux chamber, underside lid and fixed base (anchor); (b) gas sample collection from static flux 620 
chamber; (c) manure application fall 2012; (d) deployed chambers spring 2013 621 
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(a) 624 
  625 
(b) 626 
  627 
(c) 628 
Fig. S2  Optimization of fill-purge-vacuum cycles needed for cleanup and preparation of GHG-free vacuum vials for 629 
on-site GHG sample collection. Lowercase markings show statistical significance: (a) N2O, (b) CH4, (c) CO2 630 
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(d) 639 
Fig. S3  Diurnal flux calculated from the three models for (a) methane, (b) carbon dioxide, (c) nitrous oxide and (d) 640 
temperatures and soil moisture 641 
 642 
 643 
Fig. S4  Average fall daily flux calculated from the four models for methane, carbon dioxide and nitrous oxide and 644 
soil temperature and moisture 645 
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 647 
Fig. S5  Average spring daily flux calculated from the three models for methane, carbon dioxide and nitrous oxide 648 
and soil temperature and moisture 649 
